Interleukin-18 (IL-18), originally named as the gamma interferon (IFN-␥)-inducing factor, is a multifunctional and pleiotropic cytokine with proinflammatory properties (24, 25, 27 ; reviewed in reference 10). The cytokine is a member of the IL-1 family and is produced mainly by monocytes, macrophages, dendritic cells, keratinocytes, enterocytes, Kupffer cells, adrenal cortex, adipose tissues, and neurohypophysis in the human body. The cells and tissues constitutively produce IL-18 and enhance its production in response to stress, infection, lipopolysaccharide, cold, and stimulation via Toll-like receptors. Since IL-18 induces production of IFN-␥ from T and natural killer (NK) cells, it was regarded as a cytokine that promotes Th1 type immune responses. However, the cytokine promotes Th2 type responses in the absence of IL-12 by inducing production of IL-4 from mast cells and eosinophils. Therefore, depending upon the context, the cytokine can promote both Th1 and Th2 type immune responses (reviewed in references 26 and 37). IL-18 exerts its biological effects by binding with a unique receptor called IL-18 receptor (IL-18R), which is a heterodimer of ␣ and ␤ chains, both of which carry Toll-IL-1 receptor domains in their intracytoplasmic regions. Given that IL-18 is a proinflammatory cytokine, it is not surprising that increased concentrations of this cytokine have been reported in many chronic inflammatory conditions in humans, e.g., rheumatoid arthritis, multiple sclerosis, Crohn's disease, graft-versus-host disease, atherosclerosis, etc. (10) .
Human immunodeficiency virus type 1 (HIV-1) is the etiological agent of AIDS in humans. The infections with this virus are usually accompanied by changes in the production of several immunologically important cytokines, e.g., IL-15, tumor necrosis factor alpha (TNF-␣), IL-4, IL-12, IL-10, transforming growth factor ␤1, etc. (1, 5, 8 ; reviewed in references 7, 16, and 20) . These cytokine disturbances play an important role in the immunopathogenesis of AIDS in HIV-infected persons. Concerning IL-18, we and others have demonstrated increased concentrations of this cytokine in HIV-infected persons (3, 30, 33 ; see reference 32 for a review). The simian immunodeficiency virus (SIV), which is a close cousin of HIV-1, also induces IL-18 production in rhesus monkeys (12) .
NK cells constitute an important cellular component of innate immunity. Not only do they kill virus-infected cells, they also kill these cells via antibody-dependent cell-mediated cytotoxicity (4, 16) . Activated NK cells have been associated with protection from HIV infection, as well as with delaying its progression toward AIDS. However, NK cell functions become compromised in HIV-infected AIDS patients. Furthermore, the absolute numbers and percentages of various NK cell subsets are decreased overtime in these patients (reviewed in references 11 and 15) . It has been demonstrated that increased serum concentrations of IL-18 correlate inversely with NK cell numbers in the patients suffering from chronic inflammatory conditions (22, 29) . In the present study, we sought to determine whether such a correlation also existed between the serum concentrations of this cytokine and NK cell numbers in HIV-infected individuals. We show here a significant inverse correlation between IL-18 serum concentrations and NK cell numbers in HIV-infected AIDS patients. We also provide ex-perimental evidence to show that IL-18 causes fratricidal cell death in human NK cells by inducing increased expression of FasL and TNF-␣ from these cells. The cytokine increases transcriptional activity of the human FasL gene promoter. Our study unravels the molecular mechanism underlying the inverse correlation between IL-18 levels and NK cell numbers and functions observed in chronic inflammatory conditions. Collectively, our studies demonstrate how increased IL-18 concentrations may be contributing to the immunopathogenesis of AIDS in HIV-infected persons by compromising NK cell responses.
MATERIALS AND METHODS
Cell culture. All cells used in the present study were cultured at 37°C in 5% CO 2 humidified atmosphere. An IL-2-dependent NK cell line, NK92, was used in the present study. The cell line was established from a patient with rapidly progressing non-Hodgkin's lymphoma (ATCC; catalogue no. CRL-2407). NK92 cells were maintained in ␣-MEM (Gibco, Burlington, Ontario, Canada) containing 12.5% fetal calf serum (FCS), 12.5% horse serum, 2 mM L-glutamate, 100 g of penicillin/ml, and 100 g of streptomycin/ml (all from Life Technologies, Burlington, Ontario, Canada) and supplemented with 100 U of IL-2 (Roche, Mississauga, Ontario, Canada)/ml. The erythroleukemia cell line K562 was maintained in the RPMI 1640 culture medium (Gibco) supplemented with 10% FCS, 2 mM L-glutamate, 100 g of penicillin/ml, and 100 g of streptomycin/ml (hereafter referred to as culture medium). These cells are frequently used as target cells in measuring NK cell-mediated cytotoxicity by human peripheral blood mononuclear cells (PBMC). The PBMC were obtained from the peripheral blood from HIV-infected AIDS patients and HIV-seronegative healthy subjects. For this purpose, blood was collected in heparinized vacuum tubes, and PBMC were isolated by centrifugation over Ficoll-Hypaque (Pharmacia, Montreal, Quebec, Canada) as described earlier (3). The buffy coat at the interface of Ficoll-Hypaque and plasma was collected, washed, and resuspended in RPM1 1640 medium containing 10% FCS, 2 mM L-glutamate, 100 g of penicillin/ml, and 100 g of streptomycin/ml as described previously (3) .
Antibodies and recombinant cytokines. The antibodies used in the present study were purchased: mouse anti-human FasL from BD Biosciences (Mississauga, Ontario, Canada); phycoerythrin (PE)-conjugated mouse anti-human FasL, mouse anti-human TNF-␣, and its fluorescein isothiocyanate (FITC)-conjugated version from eBioscience (San Diego, CA); rabbit anti-human Bcl-X L from Cell Signaling Technology (Boston, MA); mouse anti-human Bcl-2 from Calbiochem (San Diego, CA); mouse anti-human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) from Ambion (Austin, TX); and allophycocyanin (APC)-or PE-conjugated mouse anti-human CD3, APC-conjugated mouse anti-CD56, FITC-conjugated mouse anti-human CD16 and PE-conjugated mouse anti-human TRAIL, and isotype-matched antibodies from Biolegend (San Diego, CA). The recombinant human IL-18 used for the present study was purchased from MBL (Woburn, MA).
Patients and sera collection. Twenty-six HIV-infected viremic AIDS patients and an equal number of age-matched HIV-seronegative healthy subjects were recruited for the present study. The study was approved by the Institutional Ethics Committee. Peripheral blood samples were obtained from the study participants after we obtained their written informed consent. All of the patients had one or more AIDS-defining conditions and were receiving highly active antiretroviral therapy that comprised at least one protease inhibitor (saquinavir, ritonavir, or indinavir) and one or two reverse transcriptase inhibitors (stavudine, lamivudine, zidovudine, or didanosine). Detailed clinical and virological parameters of the patients are shown in Table 1 . Serum was obtained from each blood sample after it was allowed to clot at room temperature for 2 to 3 h. Each serum sample was divided into aliquots and stored at Ϫ80°C until used.
Measuring cytokine concentrations. The concentrations of IL-18 were determined in serum samples by using commercial enzyme-linked immunosorbent assay (ELISA) kits from Bender Medsystems (Burlingame, CA). The detection limit for the kit was 12 pg/ml. Soluble TNF-␣ in the culture supernatants was measured by a commercial ELISA kit (eBioscience, San Diego, CA) with minimum detection limit of 4 pg/ml. NK cell microcultures. For NK cell microculture experiments, 10 5 NK92 or primary NK cells were resuspended in 200 l of the culture medium containing 5 U of IL-2/ml in triplicate in the wells of a round-bottom 96-well plate. NK cells were obtained from PBMC by negative selection using a kit from Stem Cell Technology (Vancouver, British Columbia, Canada). Recombinant human IL-18 was added to the microcultures at different concentrations with or without different neutralizing antibodies (described for each experiment individually). At different time points, the cells were washed with phosphate-buffered saline (PBS; pH 7.2) and were analyzed for different parameters.
Western blotting. The expression of different proteins was analyzed by Western blotting as described in our earlier publications (3). Briefly, 5 ϫ 10 6 NK cells were incubated in the culture medium with or without treatment as detailed in individual experiments. At different time points after the incubation, the cells were washed with PBS and lysed in a lysis buffer containing Tris-HCl (pH 6.8; 50 mM), sodium dodecyl sulfate (SDS; 2%), leupeptin (1 mg/ml), phenylmethylsulfonyl fluoride (1 mM), and pepstatin (1 mg/ml). The lysates were clarified by centrifugation at 14,000 ϫ g for 15 min. Protein concentrations were determined in the lysates by using a commercial kit (Pierce, Inc., Nepean, Ontario, Canada). Portions (40 g) of the lysate proteins were mixed with 2ϫ SDS-polyacrylamide gel electrophoresis sample loading buffer containing 1 mM dithiothreitol, boiled, run on SDS-12% polyacrylamide gel electrophoresis gels, and electroblotted onto polyvinylidene difluoride membranes (Immobilon-P; Millipore, Ontario, Canada). After blockage of the membranes in 1% casein for 2 h at room temperature, they were incubated on a shaker with human protein-specific antibodies generated in mice, i.e., anti-FasL, anti-Bcl-X L , anti-Bcl-2, or anti-GAPDH, at 4°C overnight. The protein bands were revealed by autoradiography by using biotinylated goat anti-mouse antibodies and a commercial chemiluminescent kit (Vectastain ABC-AmP; Vector Laboratories, Burlington, CA). Individual bands on the X-ray films were quantified by densitometry.
Flow cytometry. For immunostaining, 10 6 cells were incubated with fluorochrome-conjugated antibodies for 30 min on ice and washed three times with PBS containing 0.05% bovine serum albumin and 0.002% sodium azide. The washed cells were resuspended in 2% paraformaldehyde and analyzed by flow cytometry using FACSCalibur (BD Biosciences).
Determination of NK cell cytotoxicity. NK cell cytotoxicity was determined with a standard 51 Cr-release assay as described in our earlier publications (2, 4). Briefly, 10 4 51 Cr-labeled K562 cells were dispended in 100 l of the culture medium in triplicate in the wells of a V-bottom 96-well plate. Then, 2 ϫ 10 5 PBMC obtained from HIV-infected/AIDS patients were added in 100 l of the culture medium to each well. This gave a target-to-effector cell ratio of 1:20. The microcultures were incubated for 16 h at 37°C in a humidified 5% CO 2 atmo- 
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sphere, after which 100 l of the culture supernatants were collected from each well. The radioactivity released into these supernatants was counted by an automatic gamma counter (Clini Gamma; LKB Wallac, Finland). The percentage lysis of the target cells was determined as described earlier (2). Detection of cell death. Dead cells were counted in microcultures by trypan blue exclusion. Apoptotic cells were detected by annexin V and propidium iodide (PI) staining using a commercial kit (BD Biosciences). Briefly, 10 5 cells were washed in PBS and resuspended in 100 l of 1ϫ annexin V binding buffer. Cells were then stained with 5 l of FITC-conjugated annexin V and 5 l of PI for 15 min at room temperature in the dark. Cells were then diluted with 400 l of 1ϫ binding buffer and analyzed within 1 h after staining by flow cytometry using FACSCalibur (BD Biosciences).
Transfection and FasL reporter gene assay. Five million NK92 cells were transfected with a human FasL promoter-reporter gene construct. The construct (Ϫ511FasL pGL-3) contains a 511-bp region upstream the FasL gene start codon fused with the firefly luciferase gene in the plasmid pGL-3 basic (Promega) as described previously (23) . The construct (5 g of the DNA) was transfected transiently into the cells by using an Amaxa transfection system according to the accompanying protocol (Amaxa, Gaithersburg, MD). The transfected cells were divided into two equal aliquots at 12 h posttransfection. The cells were incubated in the culture medium for another 12 h with or without the addition of rhIL-18. The cells were washed and processed for luminescence detection using a luciferase reporter assay kit (Promega). The luminescence was analyzed by using a Mithras LB940 instrument (Berthold Technologies, Germany).
Statistical analysis. Group means were compared using Student t test and correlation between two parameters were determined by Pearson correlations using the software Prism (GraphPad, San Diego, CA). The multivariate analysis using partial Pearson correlations were determined with the software SPSS (SPSS, Inc., Chicago, IL). Differences and correlations were deemed significant at P Յ 0.05.
RESULTS
Levels of circulating IL-18 inversely correlate with NK cell numbers. Increased IL-18 concentrations in the sera of patients suffering from chronic inflammatory conditions have been shown to be associated with loss of NK cell numbers and functionality (10, 22, 29) . It is noteworthy that decreased NK cell numbers, as well as their decreased functionality, have been reported in HIV-infected AIDS patients. In order to determine whether increases in serum IL-18 levels were also associated with NK cell number and/or their cytolytic potential in HIV-infected persons, we measured IL-18 in the sera of HIV-infected persons by a commercial ELISA kit as described above and determined the absolute numbers of CD3 Ϫ CD56 ϩ , CD3 Ϫ CD16 ϩ , and CD56 ϩ CD16 ϩ NK cells present in their peripheral blood by flow cytometry. The staining and gating of the different NK cell subsets is shown in Fig. 1A . Furthermore, we measured spontaneous NK cell activities of freshly isolated PBMC of these patients against K562 cells in 51 Cr-release assays as detailed in Materials and Methods. As shown in Fig.  1B to D, serum concentrations of IL-18 correlated negatively with absolute numbers of CD3 Ϫ CD56 ϩ (P ϭ 0.04; r ϭ Ϫ0.40), CD3 Ϫ CD16 ϩ (P ϭ 0.008; r ϭ Ϫ0.52), and CD16 ϩ CD56 ϩ NK cells (P ϭ 0.006; r ϭ Ϫ0.52). We determined whether the inverse correlation observed between IL-18 concentrations and NK cell numbers was influenced by viral loads of the patients. For this purpose, we performed a multivariate analysis between these three factors. Partial Pearson correlations were determined between IL-18 levels and NK cell numbers in controlling for viral loads. As shown in Table 2 , the relationship between IL-18 concentrations and NK cell numbers in our cohort was independent of viral load.
Interestingly, the cytokine concentrations did not show a significant correlation with NK cell cytotoxicity. However, when we plotted the serum IL-18 concentrations against NK cell-mediated cytotoxicities of the PBMC, a bimodal effect of the cytokine was observed on the cytotoxic activities of the PBMC obtained from the patients (Fig. 1E) . These data also suggest that at higher concentrations, IL-18 causes decreased NK cell-mediated cytotoxicity of the PBMC in HIV-infected patients. Collectively, these results show that, similar to other chronic inflammatory diseases, increased serum IL-18 concentrations are associated with diminished NK cell numbers. The findings also suggest that NK cell cytotoxic activities also start declining progressively as the cytokine concentration increases beyond 400 pg/ml. IL-18 treatment induces fratricidal killing of NK cells. In order to investigate the molecular mechanism(s) involved in this IL-18-mediated NK cell loss, we cultured the NK cell line NK92 in the presence of various concentrations of recombinant human IL-18. It is noteworthy that NK92 cells are in phase III clinical trials as therapeutic tools of cell therapy for different human disease conditions (6, 31) . Using the trypan blue exclusion assay, we found that addition of the rhIL-18 resulted in significant death of NK cells compared to the cells cultured in the absence of the cytokine. These experiments were repeated several times. The results of a representative experiment are shown in Fig. 2A . Remarkably, the death was dose dependent. Since 10 ng of the cytokine/ml gave consistently more than 50% cell death ( Fig. 2A and data not shown) , we used this concentration in subsequent experiments. In order to determine whether the IL-18-mediated cell death was due to apoptosis, we stained the cells with FITC-conjugated annexin V and PI and analyzed them by flow cytometry. Again, the results of a representative of three experiments are shown in Fig. 2C . The culture of NK92 cells in the presence of rhIL-18 induced their increased binding to FITC-annexin V, which was reduced by an anti-FasL antibody.
In order to determine the molecular mechanism(s) underlying this IL-18-mediated apoptosis of NK cells, we performed experiments to determine whether this occurred via Fas/FasL, TNF-␣/⌻⌵FR, and/or the TRAIL (TNF-related apoptosis-inducing ligand) pathways. For this purpose, we added anti-FasL antibodies, TNF-␣ neutralizing antibodies, and anti-TRAIL antagonist antibodies to NK92 cell cultures and determined their effects on the IL-18-mediated cell death. In these exper- In repeated experiments, we found that this NK cell line expresses little FasL on the cell surface constitutively and that IL-18 induces its expression on the cell surface (Fig. 3A) . We also verified this increased expression of FasL by Western blots. As shown in Fig. 3B , the cell line expresses FasL constitutively intracellularly and rhIL-18 increases this expression after 20 h of treatment. Since FasL is known to be cleaved by certain metalloproteases into culture supernatants of FasLexpressing cells (18), we sought to determine whether IL-18-treated NK92 cells were secreting FasL in the culture media. For this purpose, we used a commercial ELISA kit to measure soluble FasL (sFasL) in the culture supernatants of these cells. No sFasL could be detected in the supernatants of NK92 cells cultured in the presence or absence of rIL-18 (data not shown). This result supports our unpublished data that the supernatants taken from IL-18-treated cells do not cause the death of NK92 cells. We next wanted to know whether IL-18 was inducing the expression of FasL at the gene expression level. For this purpose, we used a human IL-18 promoter-reporter gene construct as described in Materials and Methods. We transfected the construct into NK92 cells and determined the effect of IL-18 on the reporter gene expression. Our data (Fig. 3C) show that the FasL promoter activity is significantly increased in IL-18-treated cells compared to control untreated cells (12,850 Ϯ 650 versus 7,250 Ϯ 510 relative luciferase activity, respectively; P Ͻ 0.01). These data suggest that IL-18 increases FasL gene expression in NK92 cells. in vivo observation that increased IL-18 concentrations in the sera are associated with decreased NK cell numbers in AIDS patients under in vitro conditions, we incubated NK92 cells in sera from AIDS patients and control subjects. These sera had been previously tested for their IL-18 contents. In repeated experiments, we found that only the sera containing more than 500 pg of the cytokine/ml caused significant cell death (P Ͻ 0.001). The results from four representative sera are shown in Fig. 4A . The sera containing less than this concentration of the cytokine, irrespective of the fact whether they were from healthy or HIV-infected persons, did not cause significant cell death (data not shown). The addition of anti-IL-18 neutralizing antibodies in these cultures reduced cell death to the level of control sera. Furthermore, treatment of NK92 cells with these IL-18-rich sera induced the cell surface expression of FasL compared to sera from control subjects, and the presence of neutralizing anti-IL-18 antibodies in the culture abrogated the cell surface expression of FasL (Fig. 4B) . Due to limited amounts of the sera containing more than 500 pg of IL-18/ml, the experiments were conducted with two samples. Taken together, these results confirm our earlier data obtained with the recombinant human IL-18.
IL-18-rich sera from AIDS patients induces cell death and
IL-18 induces TNF-␣ in the culture supernatants of NK92 cells. Since anti-TNF-␣ antibodies inhibited IL-18-mediated cell death in NK92 cells, we determined whether IL-18 induced the secretion of TNF-␣ from these cells. For this purpose, we measured the concentration of TNF-␣ in the culture supernatants of the NK cells with or without treatment with IL-18. Figure 5 shows results from one of the two independent experiments. NK92 secreted low levels of this cytokine, and IL-18 treatment significantly (P Ͻ 0.0001) increased the amount of its secretion.
IL-18 enhances susceptibility of NK92 cells to Fas/FasLmediated apoptosis by downregulating Bcl-X L expression. The supernatants from IL-18-treated cells were unable to induce cell death when added to NK92 cell cultures despite containing increased amounts of TNF-␣. This suggested that IL-18 may not only kill NK92 cells by increasing the expression of FasL and TNF-␣ but also have increased the sensitivity of these cells to death-inducing stimuli. To investigate this possibility, we treated these cells with rhIL-18 for 12 h, washed them with the culture medium, and incubated them with equal amounts of anti-Fas agonist antibody. As shown in the Fig. 6A , the antiFas agonist causes more cell death in IL-18-treated NK92 cells than in cells that were not treated with the cytokine (P ϭ 0.0343). These results are representative of three independent experiments. It is noteworthy that NK92 cells constitutively express Fas on their surface and rhIL-18 does not cause significant changes in the expression of this antigen in these cells (our unpublished data). Therefore, we used the same amount FIG. 4 . Effect of IL-18-rich sera from AIDS patients on NK92 cells (A) NK92 cells were incubated for 24 h with medium only (M) or with IL-18-rich sera from AIDS patients (P1 and P2) and control donors (D1 and D2). These sera had been previously tested for their IL-18 contents (570 and 900 pg/ml for patients 1 and 2, respectively, and 73 and 63 pg/ml for donors 1 and 2, respectively). Simultaneously, neutralizing anti-IL-18 antibodies or control antibodies (mouse immunoglobulin G1) were added to the wells. After 24 h, the IL-18-mediated cell death was measured by counting dead cells using a trypan blue exclusion assay. (B) NK92 cells were incubated as described in panel A and stained for their surface expression of FasL by flow cytometry. Col Abody, control antibodies. The results could be interpreted by assuming that IL-18 enhances the susceptibility of these cells to Fas/FasL-mediated cell death. The IL-18-induced susceptibility depended upon the dose of IL-18 used: the higher the dose, the more susceptible the cells become. We reasoned that one way of increasing this susceptibility could be by modulating the expression of one or more apoptosis-regulating proteins belonging to the Bcl-2 family in the IL-18-treated cells. In order to determine whether IL-18 treatment modulated the expression of any of these proteins, we performed Western blots for Bcl-2 and Bcl-X L on IL-18-treated and untreated NK92 cells. In repeated experiments, the cytokine downregulated the expression of Bcl-X L , but not of Bcl-2, in this cell line. The data from a representative experiment are shown in shown in Fig. 6B . Recombinant human IL-18-induced changes in NK92 cells are recapitulated in primary human NK cells. Finally, we wanted to know whether IL-18-mediated cell death in NK92 cells also occurs in primary human NK cells. For this purpose, we isolated NK cells from the peripheral blood of three donors and incubated them in the culture medium with different concentrations of rhIL-18. As shown in Fig. 7A , IL-18 also caused increased cell death in these cells in a dose-dependent manner (P Ͻ 0.0001). Furthermore, the death was prevented by both FasL and TNF-␣ neutralizing antibodies (Fig. 7B and C) . In separate experiments, we determined the effects of the cytokine treatment on the expression of Fas and FasL on freshly isolated human NK cells. As shown in Fig. 8 , the primary human NK cells, like NK92 cells, expressed little FasL on their surface, and IL-18 treatment induced this expression (Fig. 8A) . Furthermore, the cells constitutively expressed Fas on their surface, and the cytokine treatment did not affect this expression in any significant manner (Fig. 8B) . We also investigated whether IL-18 increased the susceptibility of primary NK cells to Fas-mediated apoptosis. For this purpose, we treated NK cells with IL-18 (10 ng/ml) from two different donors for 12 h separately and then added equal amounts of anti-Fas agonist antibodies. As shown in the Fig. 9A , the Fas agonistic antibodies caused significantly more (P Ͻ 0.05) death in IL-18-pretreated cells than in mock-treated cells in both donors. These data suggest that IL-18 also increases the susceptibility of primary human NK cells to Fas/FasL-induced death. Finally, we investigated the effects of IL-18 on the expression of Bcl-2 and Bcl-X L in primary human NK cells taken from two different donors. As shown in Fig. 9B , IL-18 treatment caused a decreased expression of Bcl-X L , but not of Bcl-2, in primary human NK cells. Collectively, these results demonstrate that recombinant human IL-18-induced changes in the NK92 cell line are recapitulated in primary human NK cells.
DISCUSSION
Our results show that, like other chronic inflammatory disease conditions (22, 29) , there exists a negative correlation between NK cell numbers and the levels of the circulating IL-18 in HIV-infected persons. All major subsets of NK cellsi.e., CD3 Ϫ CD16 ϩ , CD3 Ϫ CD56 ϩ , and CD16 ϩ CD56 ϩ NK cells-showed almost equally strong inverse correlations with serum IL-18 levels in these patients. These data suggest that IL-18 is implicated in the loss of NK cell numbers in HIVinfected persons (see below), and all of these subsets of NK cells are equally susceptible to this adverse effect of this cytokine. Our results also shed light on the molecular mechanism involved in the IL-18-mediated loss of NK cells. Using an established human NK cell line, as well as primary human NK cells, we demonstrate that IL-18 induces fratricidal cell death in NK cells via two mechanisms: by inducing the expression of FasL and by increasing the production of TNF-␣ from NK cells. Our unpublished data show that NK92 cells, as well as freshly isolated primary human NK cells, constitutively express Fas on the cell surface, and IL-18 treatment does not increase Fas expression on these cells. However, the cytokine induces expression of FasL on the cell surface and TNF-␣ production from these cells. The two molecules induce cell death in NK cell cultures. Despite an increase in the expression of FasL, we were not able to detect soluble FasL from the NK cell supernatants cultured in the presence of rhIL-18. Furthermore, these supernatants were not able to induce cell death when added to NK cell cultures (our unpublished data). We also noted that rhIL-18 caused an increase in the sensitivity of NK cells to apoptotic stimuli by decreasing the expression of the antiapoptotic protein, Bcl-X L , in both NK92 and human NK cells. This may explain why the supernatants from the NK cells cultured in the presence of rhIL-18 (which are supposed to contain TNF-␣) were not able to induce apoptosis of NK cells. A decreased expression of this antiapoptotic protein in rhIL-18-treated cells may be crucial for their apoptosis via FasL. To the best of our knowledge, this is the first report implicating IL-18 in causing the downregulation of an antiapoptotic protein in human NK cells. It will be interesting to determine whether the cytokine induces a similar downregulation of this protein in other immune cells, e.g., T cells.
We observed that rhIL-18 caused cell death in NK92 cells, as well as in primary human NK cells, in a dose-dependent manner. At concentrations as low as 100 pg/ml, the cytokine consistently caused significant cell death. However, when we tested sera from healthy and HIV-infected persons with known concentrations of IL-18, the sera containing more than 500 pg of IL-18/ml caused cell death. The sera containing lower concentrations of the cytokine, whether from HIV-infected or healthy persons, did not cause significant cell death. We believe that many other factors in the sera, e.g., IL-18BP, cytokines, growth factors, etc., may explain these differential effects.
It is noteworthy that this IL-18-mediated NK cell killing may represent a negative-feedback mechanism to control and terminate a proinflammatory immune response. It was demonstrated previously that combinations of two cytokines, IL-12 and IL-15, as well as IL-2 and IL-12, also cause death of human NK cells, which could be blocked by TNF-␣ neutralizing antibodies (28) . The authors of that study did not implicate FasFasL interactions in this cytokine-mediated cell death. It is noteworthy that IL-18, but not IL-12 or IL-15, has been shown (14) has shown that IL-18 prevents apoptosis of NK cells during their killing of target cells. The authors of that study ascribed this IL-18-mediated protection to enhanced expression of TRAF-1 and c-IAP. Another study (21) has shown that IL-18 induces expression of CD83, CCR7, (17) , who reported increased killing of these target cells by IL-18-treated NK92 cells. These differences may be attributed to different techniques used in the two studies: we used standard 51 Cr-release assays, while the other study relied upon cell-staining dye PKH and PI intake. Furthermore, we cannot exclude the differential expression of Fas on the target cells.
It can be argued that our results may not be relevant since we used concentrations of IL-18 in several of our experiments that are much higher that those found in the circulation of healthy or HIV-infected persons. In fact, the concentrations of cytokines in the circulation represent a spillover from the cells and tissues that produce them. The precise concentrations of the cytokines in tissues where the cytokine-producing cells reside are not known. These concentrations are most likely to be much higher than those found in the circulation, the socalled "physiological" concentrations. Therefore, in the course of investigating basic biology of a cytokine, it is not inappropriate or "unphysiological" to perform experiments with cytokine concentrations higher than those found in the circulation. There are several examples in which researchers have used IL-18 concentrations in nanograms per milliliter (see, for example, references 17 and 21) and discovered certain unknown aspects of the cytokine biology.
In summary, the present study advances our understanding of the immunobiology of IL-18 and sheds light on how increased concentrations of this cytokine found in the circulation of HIV-infected patients may be contributing to AIDS pathogenesis.
